Objective.-We investigated whether dietary sodium intake from respondents of a national cross-sectional nutritional study differed by history of migraine or severe headaches.
INTRODUCTION
Migraine is the most common neurological disorder, affecting 18% of females and 6% of males, with prevalence peaking at age 30-40 years, but its pathophysiology is not fully understood. 1 This gap in knowledge is especially true in regard to mechanisms for the increased sensory perception for light, sound, and motion in migraine.
Of the ionic constituents that directly participate in neuronal excitability, evidence is accumulating that sodium homeostasis plays a central role in migraine from both human and animal studies: cerebrospinal fluid (CSF) sodium (but not calcium, magnesium, or potassium) increases during migraine in the absence of any change of sodium in blood plasma 2 ; the diurnal rhythm of CSF sodium is characterized by peaks in early morning and late afternoon, 3 corresponding to the most frequent onset times of episodic migraine [4] [5] [6] [7] [8] ; intracranial sodium increases in a rat migraine model of nitroglycerin-triggered central sensitization 9 ; and computer-generated simulation and electrophysiology studies indicate higher extracellular sodium contributes to neuronal hyperexcitability. 9 An especially compelling reason to explore dietary sodium is the evidence that higher extracellular sodium has been shown to increase the electrical activity of giant squid axons, 10 an effect that we replicated in primary neuronal cultures. 11 These results collectively point to a sodium disturbance in migraine. Studies have shown that higher dietary sodium increases ventricular CSF sodium concentration in rats, 12 but sensory evaluation was not reported in these experiments. Despite the knowledge that human choroid plexus has an almost identical distribution pattern of water channels and sodium transporters as in the rat, 13 we are not aware of prospective human studies focused on the relationship between dietary sodium intake and sodium dysregulation in migraine. The regulation of sodium throughout the body depends on the requirements of different tissues, ranging from the kidneys, skin, and salivary glands to the choroid plexus, but the source of sodium results as a redistribution from elsewhere in the body or from dietary sodium. As sodium has profound effects on neuronal activity, we hypothesized that there would be an association between migraine status (a binary variable) and dietary sodium and used the NHANES database to investigate this possible relationship. We also explored whether an association between migraine status and dietary sodium would vary based on sex and/or body mass index (BMI). (4) .
METHODS
Headache Classification.-Data on migraine status were available in the Miscellaneous Pain section of the NHANES interview. We categorized respondents who answered "yes" to the survey question: "During the past 3 months, did you have severe headaches or migraines?" as probable migraineurs. These self-reports are without the additional parameters necessary for the IHC classification of migraine, 16 and alternative diagnoses such as tension-type or cluster headaches may be erroneously grouped as migraine. Nevertheless, it is reasonable to assume most of these respondents had migraine as it is the most common diagnosis for these complaints, an assumption also made by other expert researchers in this field. 17 Because of this limitation, we excluded respondents who may have had severe headaches due to medication overuse ("analgesic users" 20 Final processing of dietary data by NHANES included modifying sodium content for foods for which respondents indicated that they did not use the usual amount of salt in preparation.
Analgesics.-Two sections of the NHANES interview were used to determine use of analgesic medications: Analgesic Medications, which included a question on whether or not the respondent had ever taken over-the-counter or prescription pain medications every day for as long as a month (chronic); and Prescription Medications, which included questions on whether the respondent had taken any prescription medications during the past month and, if so, which medications they reported taking. Prescription medications reported by respondents were categorized by NHANES using the Multum Lexicon Therapeutic Classification Scheme. 21 In this scheme, medications are classified by 3 nested levels of therapeutic category, with the first level being the most broad. Among medications with first-level classification "central nervous system agents," analgesics were selected as those classified as "analgesics" according to the second-level category name; these included thirdlevel classifications of miscellaneous analgesics, narcotic analgesics, nonsteroidal anti-inflammatory agents, salicylates, analgesic combinations, narcotic analgesic combinations, antimigraine agents, and COX-2 inhibitors. Analgesic users (excluded from our analysis) were defined as respondents who were in either category of analgesic use (chronic or "in the last month"). This definition did not exclude migraineurs who did not treat their migraines at all, ie, migraineurs who used overthe-counter medications were included, as were migraineurs who used prescription medications to treat but not in the most recent month. Statistical Analysis.-The primary objective of the analysis was to test for an association between dietary sodium intake and migraine status (a binary variable). Secondary objectives were to explore the sodium-migraine relationship within subgroups defined by sex and BMI and to estimate the probability of reporting history of migraine as a function of absolute dietary sodium intake.
Analyses were done using SAS procedures SURVEYFREQ, SURVEYREG and SURVEY-LOGISTIC (SAS v9.2, SAS Institute, Cary, NC, USA) to account for the stratified, multistage probability cluster sampling design of NHANES. The NHANES stratification variable (SDMVSTRA) and Primary Sampling Unit (SDMVPSU) were used as the strata and sampling unit variables, respectively. NHANES provides sampling weights to be used in analyses that account for oversampling of certain subgroups, differences between the sample and the population due to nonresponse, and population sizes, ie, the weights allow each NHANES respondent to represent multiple people from the population from which they were sampled.
NHANES provides sampling weights to be used specifically for dietary analyses, which also account for the fact that not all participants completed the dietary interview and that different days of the week were represented in the 24-hour periods for which dietary intake was assessed. In general, the NHANES weights are calculated for 2-year intervals, but a 4-year weight is available for the 1999-2002 time period. A 2-year weight is smaller than a 4-year weight because less of the population is included in a sample collected over 2 years compared to a sample collected over 4 years (so each respondent in a 2-year sample has to represent more people in the population compared to a 4-year sample). Because we combined data from Total grams of dietary sodium for each respondent was expressed as the respondent's residual value from the linear regression of total grams of sodium on total calories, ie, the difference between the respondent's actual grams of dietary sodium and that predicted by his or her total caloric intake. This approach isolates the effect of grams of dietary sodium from factors closely associated with total caloric intake that may be related to migraine (eg, body size, metabolic efficiency) without directly modeling total caloric intake, which is highly correlated with total sodium intake. 22 Residuals were analyzed both as continuous and categorical variables, with categories based on quartiles of the distribution of residuals. Multivariable logistic regression was used to estimate odds ratios (ORs) and 95% confidence intervals (CIs) in the analysis of the association between dietary sodium (the predictor) and migraine status (the outcome). Trend tests were done by analyzing sodium residuals as a continuous variable. Age, sex, and BMI were included as covariates as these are well-known to be related to both dietary intake and migraine. An analysis stratified by sex with age and BMI as covariates was also performed. Interactions were tested between the predictor in its original form and each covariate in their original forms. For stratified analyses, BMI was dichotomized at the median reported value within sex. Correlations were assessed for each pair of independent variables to check for collinearity. A sensitivity analysis that included analgesic medication users was done to evaluate the effect of omitting these respondents. A second sensitivity analysis was done to compare results between the two dietary interviews done on separate days among respondents from the 2003-2004 NHANES cycle. Subgroup analyses were accomplished using the DOMAIN statement in the SAS procedures SURVEYFREQ, SURVEYREG, and SURVEYLOGISTIC. Only respondents for whom all analysis variables were non-missing were included. All statistical tests were two-sided with .05 significance levels.
RESULTS
Characteristics of the study population are shown in Table 1 . Of the 15,332 adults who participated in the NHANES 1999-2004 cycles, 13,424 (88%) had reliable data from the 24-hour dietary assessment, and 13,033 of these (97%) had nonmissing dietary total grams of sodium and migraine status. Given the relatively low rate of unreliable and/or missing data, per the NHANES guidelines, 23 we deemed it unnecessary to account for missing data in the analysis, ie, through imputation or additional weighting. The number of respondents who were not analgesic users was 8819 (68%); of these, 4551 (52%) were women. Of the 4214 analgesic users, 3098 were because of chronic use (2383 of 10,346 (23%) non-migraineurs, 715 of 2687 (27%) migraineurs), ie, they took analgesics every day for at least a month at some point in their life. The remaining 1116 exclusions were due to prescription analgesic use during the most recent month (780 of 10,346 (8%) non-migraineurs, 336 of 2687 (13%) migraineurs). A flow diagram describes the participants:
Results from both crude and covariate-adjusted analyses of the relationship between dietary sodium and migraine status are shown in Table 2 We designed our analysis to study those not taking analgesics to avoid the confounding effect of medications; when we included analgesic users in a post hoc study, a sensitivity analysis suggested little effect from this exclusion.
To investigate the effect of sexual dimorphism, we analyzed the relationship between dietary sodium and migraine for men and women separately and observed the same inverse association by sex as was observed for both sexes combined (P for interaction 5 .99, Table 3 ); however, the trend was significant only for women (OR 5 0.93, 95% CI 5 0.86, 1.00, P 5 .049). In women but not men, BMI was a significant effect modifier of the sodium/migraine relationship (P 5 .025); results by BMI for both sexes are shown in Table 4 . In women, there was a significant effect of decreasing odds of migraine history with increasing dietary sodium residuals in respondents with lower BMI (OR 5 0.87, 95% CI 5 0.78, 0.96, P 5 .007). In women with higher BMI, there was no relationship between dietary sodium and migraine history.
DISCUSSION
Our analysis of nutritional assessment data from NHANES 1999-2004 provides the first evidence to suggest an inverse relationship between migraine and dietary sodium intake levels independent of age, sex, and BMI; in women, this observation was limited to those with lower BMI.
A comprehensive literature exists that describes the impact that diet can have on migraine occurrence, 24 however, few studies have attempted to assess the direct relationship between dietary sodium intake patterns and migraine. The NHANES 1999-2004 analysis by Evans et al, limited to women, reported that sodium dietary intake was descriptively (but not significantly) lower in migraineurs compared to non-migraineurs, and in women of normal weight the sodium component of dietary quality indicated less sodium intake in migraineurs compared to non-migraineurs (P 5 .04 without adjustment for multiple comparisons). 17 Thus, their observations are consistent with our analysis of women with lower BMI. We analyzed the NHANES 1999-2004 data from a strategically different approach; for example, we included men and women of all ages vs women aged 20-50 years, and we analyzed sodium residuals rather than a transformed version of the original sodium variable. This limits a direct comparison between the two studies but, alternatively, lends support to our findings as the two different approaches led to similar conclusions regarding sodium and migraine in women. It is well-known that higher dietary sodium has been associated with negative outcomes in other fields of medicine and is considered a major health problem worldwide, 25 contributing to hypertension and its consequences of stroke and cardiac and renal disease. 26 Hypertension and hypotension, as well as obesity, are comorbid with migraine, 27, 28 and the cardiovascular risk profile is higher in migraineurs. 29, 30 Sodium intake is also recognized as a sexually dimorphic behavior, controlled by perinatal and adult androgen in rats, 31 and includes greater intake by females during acute sodium depletion. 32 From these two established correlations for dietary sodium, we expected to find: (1) a higher sodium intake in migraineurs to match their increased cardiovascular risk, and (2) a sexually dimorphic relationship. We found a migraine relationship with dietary sodium and it had sexual dimorphic influences, but the direction of sodium intake lower in migraineurs. This finding was unexpected for several reasons. First, the inverse relationship between migraine and dietary sodium intake in women was restricted to those with lower BMI, whereas the relationship between hypertension when sodium sensitivity has been reported to be limited to those with higher BMI. 33 Second, we had previously reported higher CSF sodium during migraine 2 and Kawano et al found higher dietary sodium increases human CSF sodium independent of salt sensitivity/insensitivity 34 ; thus it was a surprise that migraineurs would report less dietary sodium intake. Third, a post hoc analysis of dietary intervention study of "low," "medium," and "high" sodium intake reported a lower risk of headache on a "low" sodium diet. 35 However, the authors suspected that most of the headaches were tension type. Further, the controlled "high" sodium intake in the trial corresponded to the average American Intake, whereas the NHANES database used for our analysis was representative of the population distribution of dietary sodium and thus included much higher levels of exposure. Extensive studies on the regulation of dietary sodium intake ; sterile meningeal neuroinflammation with triggering of dural mast cells [43] [44] [45] ; central excitatory/inhibitory homeostasis (glutamate/gammaaminobutyric acid) 46, 47 ; cortical neuromodulation (serotoninergic, noradrenergic, cholinergic, or dopaminergic) [47] [48] [49] [50] ; or channelopathy. 49, 51 It will be important to identify if sodium dysregulation is the underlying mechanism for these other pathways and/ or is a common mechanism for migraine. It is noteworthy that low or high blood pressures are known comorbidities of migraine, 27 and that altered sodium homeostasis and the endogenous Na, K, ATPase inhibitor, ouabain, have been identified in the regulation of blood pressure 28 and depressive disorders. 52 We predict that regulators that have already been found for salt-sensitive hypertension and depression disorders, 52 such as endogenous ouabain-like compounds, 28, 53 are worthy of study as modulators of the dietary sodium/ migraine relationship. Our analysis reported here adds support for the involvement of sodium dysregulation in migraine but is limited due to the retrospective, selfreported, cross-sectional nature of NHANES data. This type of data cannot demonstrate cause and effect; ie, one explanation for our observation of lower sodium intake among migraineurs is that respondents who suffered from migraine intentionally lowered their sodium intake as a possible preventive measure. Also, the 3-month prevalence of headaches captured by NHANES does not allow for an analysis of the effect of dietary sodium on headache frequency. To investigate whether brain sodium alterations and dietary sodium in particular represent a culprit in migraine, it will be necessary to pursue prospective dietary studies with more detailed and valid migraine data, correlated with biochemical parameters.
There were other limitations to our analysis. Migraine classification was not based on the International Headache Classification criteria 16 and was nonspecific to migraine. Another national database, the Women's Health Initiative, has more conventional migraine classification 24 but does not have dietary data comparable to the quality of NHANES 1999-2004 data. We likely excluded some migraineurs by omitting respondents who had ever used analgesics chronically or who had taken prescription analgesics during the month prior to interview. This latter group, in particular, was more likely to have in included some true migraineurs who were, therefore, not in our "migraineur" group. However, our goal was to have the most valid "migraineur" group possible, given the limitations of the data in terms of migraine classification. Therefore, we felt it was more important to exclude some true migraineurs than to include as "migraineurs" those suffering from medication-overuse headache. Ultimately, a sensitivity analysis suggested there was little effect from this exclusion. Nutritional assessment was based on 24-hour recall, a method with inherent limitations. 54 Importantly, due to lack of 2 days of dietary recall in 2/3 of our data, we were unable to use more sophisticated methods to account for episodically consumed foods and beverages. Despite these limitations, the NHANES 1999-2004 database and its associated analytical methodology represents best available, state-of-the-art practice for survey studies.
CONCLUSION
Our analysis of NHANES 1999-2004 data provides the first evidence of an inverse association between migraine and dietary sodium intake, independent of common migraine covariates. We propose that this dietary sodium intake may impact migraine by modulating the regulation of brain extracellular sodium. Our results may stimulate prospective, controlled studies of dietary and body sodium to evaluate whether altered sodium homeostasis is casual in, or an effect of, migraine.
